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materials  with  low  porosity.  Water  enhances  the  NO2  adsorption  process.  Introducing  Lewis  basic  sites 
by  the  incorporation  of  -NH2  groups  promotes  chemical  reactions  on  the  surface.  The  amine  (NH2)  or 
the  carbonyl  (C=0)  groups  in  urea  directly  interact  with  NO2  molecules  in  both  moist  and  dry  conditions, 
which  leads  to  the  formation  of  surface  bound  nitrates.  In  the  case  of  melamine  modified  materials  the 
hydrolysis  of  the  terminal  secondary  -NH2  creates  oxygen  rich  functional  groups  that  cause  the  forma¬ 
tion  of  surface  bound  nitrate  species. 
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1.  Introduction 

Metal  organic  frameworks  have  been  investigated  as  hydrogen 
storage  media  [1-3],  water  oxidation  catalysts  [4,5],  photoactive 
and  luminescence  materials  [6-9]  and  adsorbents  [10,11].  The 
possibility  of  combination  of  various  metals  and  organic  ligands 
that  constitute  framework  of  MOF  units  leads  to  microporous 
materials  with  a  diversity  in  topology,  chemistry,  surface  area 
and  pore  volume.  Thus  the  ideal  situation  for  an  effective  synthesis 
is  when  the  “design”  of  MOF  fits  a  target  application.  In  the  case  of 
adsorption,  besides  textural  properties,  the  chemical  nature  of 
metal  active  sites  or  functional  groups  are  of  paramount  impor¬ 
tance.  Several  efforts  have  been  directed  to  introduce  specific  func¬ 
tional  groups  to  MOF  frameworks  either  via  direct  synthesis 
[12,13],  post  synthesis  [14-16],  grafting  [17]  or  metal  doping 
[18-21  ].  Geosten  and  coworkers  reported  a  room  temperature  post 
synthetic  modification  of  chemically  and  thermally  stable  MIL- 
101  (Cr)  and  M1L-53(A1)  by  the  incorporation  of  sulfoxy  moieties 
[22].  The  resulting  frameworks  were  more  acidic  than  the  parent 
MOFs,  and  exhibited  a  high  catalytic  activity  as  well  as  high  proton 
conductivity  [22].  The  removal  of  Hg'"^  from  water  was  significantly 


*  Corresponding  author.  Tel.:  +1  (212)  650  6017;  fax:  +1  (212)  650  6107. 
E-mail  address:  tbandosz@ccny.cuny.edu  (T.J.  Bandosz). 

1387-1811/$  -  see  front  matter  ©  2014  Elsevier  Inc.  All  rights  reserved. 
http://dx.d0i.0rg/l  0.1 01 6/j.micromeso.201 4.01 .009 


enhanced  by  the  post  synthetic  modification  of  MOF-199  with  thiol 
groups  using  dithioglycol  as  a  source  of  -SH  [23]. 

Nitrogen  dioxide  (NO2)  is  an  acidic,  corrosive,  and  toxic  gas 
present  in  the  atmosphere.  The  main  sources  of  NO2  pollution  is 
burning  of  fossil  fuel,  emission  from  combustion  engines  and 
industrial  wastes.  Its  presence  in  air  poses  a  threat  to  the  environ¬ 
ment  since  it  is  one  of  the  ingredients  leading  to  a  photochemical 
smog  formation.  The  emission  of  NO2  to  the  atmosphere  can  be 
eliminated  either  from  the  source  or  by  filtration  on  adsorbents. 
MOFs,  owing  to  their  microporous  nature,  are  considered  as  excel¬ 
lent  candidates  for  the  separation  of  small  and  toxic  molecules 
such  as  NO2  from  ambient  air.  The  most  important  aspect  of  an 
effective  separation  at  ambient  conditions  is  the  ability  of  the 
material  to  adsorb  the  target  molecules  and  eliminate  the  compet¬ 
itive  effect  of  water  when  moisture  is  present  in  the  system.  MOFs 
that  are  widely  used  in  the  field  of  gas  separation  are  HKUST-1 
[24,25],  MIL  (Fe,  Al,  Cr)  [26,27],  MOF-5  [28-30],  and  UiO-66 
[31-33].  The  limitation  in  the  application  of  HKUST-1  as  an  adsor¬ 
bent  is  the  complete  destruction  of  its  porosity  and  crystallo¬ 
graphic  structure  after  exposure  to  reactive  toxic  gas  molecules 

[34] .  Moreover,  in  humid  air  due  to  the  small  micropores  in  this 
system  and  the  similarity  in  the  size  of  NO2  and  water  molecules 

[35] ,  the  competition  for  the  adsorption  sites  between  these  two 
molecules  can  take  place  [36].  In  addition,  HKUST-1  is  unstable 
upon  a  direct  contact  with  water  vapor  [37,38].  In  the  case  of 
MIL-100  (Fe)  the  addition  of  a  foreign  phase  such  as  graphite  oxide 
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(GO)  obstructed  the  formation  of  well  defined  crystals  thus  limited 
the  ability  of  materials  for  their  application  as  adsorbents  [39]. 

Cavka  and  coworkers  synthesized  thermally  and  chemically  sta¬ 
ble  UiO-66  [40].  Its  stability  has  been  linked  to  the  highly  oxophilic 
nature  of  zirconium  (IV),  leading  to  the  formation  of  a  inorganic 
brick  [Zr604(0H)4]  [40].  Jasuja  and  co-workers  synthesized  a  water 
resistant  dimethy-functionalized  UiO-66.  On  that  material,  the 
amount  of  water  adsorbed  decreased  50%,  which  resulted  in  an  in¬ 
crease  in  the  uptake  of  CO2  and  CH4  [41].  The  incorporation  of 
methyl  groups  in  MOF  does  not  introduce  active  sites  basic  enough 
for  NO2  adsorption  and  thus  physical  adsorption  would  be  the  pre¬ 
dominant  adsorption  mechanism.  Our  previous  study  showed  that 
UiO-type  MOFs  showed  a  promising  performance  as  NO2  adsor¬ 
bents  [42].  Nevertheless,  water  in  the  system  had  a  negative  effect 
on  the  adsorptive  properties  and  a  relatively  high  percentage  of  ad¬ 
sorbed  NO2  was  converted  to  NO.  It  has  been  recently  reported  that 
UiO  MOFs,  especially  those  with  BDPC  as  UiO-67  are  unstable  upon 
contact  with  water  owing  to  the  torsional  strain/rotational  effects 
in  its  crystalline  structure  [43]. 

Knowing  that  amines  can  enhance  NO2  and  NO  adsorption 
[44,45]  and  taking  into  account  the  relatively  high  thermal  and 
chemical  stability  of  UiO-66  and  its  analogue  UiO-67  these  MOFs 
appeared  to  us  as  good  candidates  for  amine  modification  with 
the  objective  of  the  development  of  efficient  NO2  adsorbents  for 
air  filtration  at  ambient  conditions.  A  post-synthetic  modification 
was  not  adapted  due  to  the  rather  limited  reactivity  (deactivated 
aromatic  ring  towards  aromatic  substitution)  of  the  organic  linker 
used,  and  the  stability  of  the  MOF  herein.  The  effect  of  amine  pres¬ 
ence  during  the  synthesis  of  zirconium  based  MOF  on  the  texture 
and  chemistry  of  the  new  materials  is  evaluated.  The  amine  moiety 
originates  form  either  urea  or  melamine.  Those  two  compounds 
differ  in  their  reactivity.  The  performance  of  the  resulting  materials 
as  NO2  reactive  adsorbents  at  ambient  conditions  is  linked  to  their 
surface  properties. 

2.  Experimental 

2.1.  Materials 

All  chemicals  (DMF  (N,N-dimethylformamide  99%),  BDC  (Ben¬ 
zene-1, 4-dicarboxylic  acid,  98.9%),  BDPC  (4,4'-biphenyl-dicarbox- 
ylate  98.9%),  acetone,  and  zirconium  tetrachloride  ZrCU)  were 
supplied  by  either  Sigma-Aldrich,  VWR,  BDH  or  Alfa  Aesar  and 
used  without  further  purification. 

2.1.1.  Urea  modified  zirconium-carboxylic  linkages  based  adsorbents 

10  mmol  of  zirconium  tetrachloride,  ZrCU  and  10  mmol  BDC 

were  dissolved  in  300  ml  of  N,N-dimethylformamide  (DMF).  Urea 
(10  mmol)  was  stirred  in  DMF  separately.  The  solution  was  trans¬ 
ferred  into  the  ZrCU/BDC  solution  and  stirred  for  an  additional 
30  min.  The  reagents  were  transferred  to  a  500  ml  round  bottom 
flask,  and  50  ml  of  DMF  was  added.  The  system  was  heated  at 
110  °C  under  shaking  for  25  h.  A  resulting  white  product  was  Al¬ 
tered  off,  washed  with  DMF,  to  remove  the  excess  of  the  unreacted 
organic  linker  and  immersed  in  an  acetone  solution  for  a  solvent 
exchange.  The  sample  was  again  Altered  and  dried  under  vacuum. 
The  sample  is  referred  as  U-ZrBDC.  The  same  synthesis  procedures 
were  followed  for  the  synthesis  of  but  the  materiasl  with  4,4'- 
biphenyl-dicarboxylate  (BDPC)  used  as  an  organic  linker.  The  as 
synthesized  samples  is  referred  to  as  U-ZrBDPC. 

2.1.2.  Melamine  modified  zirconium-carboxylic  acid  linkages  based 
adsorbents 

10  mmol  of  zirconium  tetrachloride,  ZrCU  and  10  mmol  BDC 
were  dissolved  in  350  ml  of  DMF.  Melamine  (10  mmol)  was  stirred 


in  115  ml  of  ethanol  separately  and  sonicated  for  45  min.  The 
melamine  solution  was  then  transferred  to  the  Zr/linker  solution 
and  stirred  for  an  additional  45  min.  The  reagents  were  transferred 
to  a  500  ml  round  bottom  flask.  The  system  was  heated  at  115  °C 
under  shaking  for  25  h.  A  resulting  white  product  was  Altered 
off,  washed  with  DMF,  to  remove  the  excess  of  the  unreacted 
organic  linker  and  immersed  in  an  acetone  solution  for  a  solvent 
exchange.  The  sample  was  again  Altered  and  dried  under  vacuum. 
The  same  synthesis  procedures  were  followed  for  the  synthesis  of 
melamine-modifled  material,  but  BDPC  was  used  as  an  organic 
linker.  The  as  synthesized  samples  are  referred  to  as  M-ZrBDC 
and  M-ZrBDPC. 

2.2.  Methods 

22 A.  NO2  breakthrough  capacity 

The  NO2  breakthrough  capacities  were  measured  in  a  labora¬ 
tory-scale,  flxed-bed  system,  at  room  temperature,  in  dynamic 
conditions.  In  a  typical  test,  1000  ppm  NO2  in  nitrogen  diluted  with 
air  went  through  a  flxed  bed  of  an  adsorbent  with  a  total  inlet  flow 
rate  of  225  mL/min.  The  adsorbent  was  well  mixed  with  2  ml  of 
nonreactive  glass  beads  (diameter  0.5-1  pm;  the  beads  were  used 
to  avid  pressure  drop  in  the  column)  and  packed  into  a  glass  col¬ 
umn  (internal  diameter  9  mm).  The  concentrations  of  NO2  and 
NO  in  the  outlet  gas  were  measured  using  an  electrochemical  sen¬ 
sor  (RAF  Systems,  MultiRAE  Plus  PGM-50/5P).  The  adsorption 
capacity  of  each  adsorbent  was  calculated  in  milligram  per  gram 
of  adsorbent  bed  mg/g  by  integration  of  the  area  above  the  break¬ 
through  curve.  The  tests  were  conducted  in  both  moist  (air  was 
passed  through  a  water  vessel  and  reached  relative  humidity 
70%)  and  dry  conditions.  The  measurements  were  stopped  at  the 
concentrations  of  NO2  and  NO  of  20  and  200  ppm,  respectively 
(the  limits  of  the  gas  sensors).  After  the  breakthrough  tests,  all 
samples  were  exposed  to  a  flow  of  carrier  air  only  (180  mL/min) 
to  evaluate  the  strength  of  NO2  adsorption.  The  suffix  -ED  is  added 
to  the  name  of  the  samples  after  exposure  to  NO2  in  dry  conditions, 
and  -EM  for  samples  after  exposure  to  NO2  in  moist  conditions. 

2.2.2.  Surface  pH 

The  samples  were  first  dried,  then  a  0.2  g  sample  of  dry  adsor¬ 
bent  was  added  to  10  mL  of  deionized  water,  and  the  suspension 
was  stirred  overnight  to  reach  equilibrium.  Then  the  pH  was  mea¬ 
sured  using  Eischer  scientific,  Accumet  Basic  pH  meter.  The  pH  of 
the  material  reflects  its  aids-base  nature  and  is  linked  to  average 
of  the  number  and  strength  of  the  surface  acidic  groups  dissociat¬ 
ing  in  water.  It  can  be  compared  only  when  the  same  ratio  of 
sample/water  is  used. 

2.2.3.  Adsorption  of  nitrogen 

Nitrogen  isotherms  were  measured  at  -196  °C  using  an  ASAP 
2010  (Micromeritics).  Before  each  analysis  initial  and  exhausted 
samples  were  dried  and  degassed  at  120  °C.  The  surface  area,  Sbet 
the  total  pore  volume,  Vt,  the  micropore  volume  Vmio  (calculated 
from  the  t-plot),  and  the  mesopore  volume,  Vmes*  were  calculated 
from  the  isotherms. 

2.2.4.  SEM 

Scanning  electron  microscopy  (SEM),  was  performed  on  Zeiss 
Supra  55  instrument  with  a  resolution  of  5  nm  at  30  kV.  Analyses 
were  performed  on  a  sample  powder  previously  dried.  Eor  some 
samples,  a  sputter  coating  of  a  thin  layer  of  gold  was  performed 
to  avoid  specimen  charging. 

2.2.5.  XRD 

To  obtain  crystallographic  structure  of  the  materials  XRD  was 
employed.  Using  standard  powder  diffraction  procedures,  the 
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adsorbents  (fresh,  and  exhausted)  were  inserted  in  a  mount  slide 
as  dry  powder  and  X-ray  diffraction  was  measured  on  a  Philips 
XTert  X-ray  diffractometer  using  Cu  Kot  radiation  with  a  routine 
power  of  1600  W  (40  kV,  40  mA). 

2.2.6.  Thermal  analysis 

Thermogravimetric  (TG)  curves  and  their  derivatives  (DTG) 
were  obtained  using  a  TA  Instruments  thermal  analyzer,  Q600. 
The  samples  (initial  and  exhausted  moist  and  dry)  were  previously 
dried  in  oven  at  100  °C  to  remove  moisture  and  then  heated  up  to 
1000  °C,  with  a  heating  rate  10  °C/min  under  a  nitrogen  or  air  flow 
of  100  mL/min. 

2.2.7.  FTIR 

Fourier  transform  infrared  (FTIR)  spectroscopy  was  carried  out 
using  a  Nicolet  Magna-IR  830  spectrometer  using  the  attenuated 
total  reflectance  method.  The  spectrum  was  generated,  collected 
32  times  and  corrected  for  the  background  noise.  The  experiments 
were  done  on  powdered  sample. 

3.  Results  and  discussion 

The  measured  NO2  breakthrough  curves  for  the  urea  and 
melamine  modifled  materials  are  collected  in  Fig.  1.  In  the  case 


Time/mass  (min/g) 


Fig.  1.  NO2  breakthrough  curves  for  the  samples  studied  in  dry  (A)  and  in  moist  (B) 
conditions.  (Data  for  UiO-66  and  UiO-67  is  taken  from  Ref.  [42]). 


M-ZrBDC  exposed  to  NO2  in  dry  conditions  the  NO2  concentration 
rises  quickly  indicating  a  poor  adsorptive  performance.  For 
U-ZrBDC,  M-ZrBDPC  and  especially  for  U-ZrBDPC,  the  curves  flat¬ 
ten  and  the  breakthrough  times  are  considerably  longer.  The 
adsorption  process  in  moist  conditions  looks  complex.  As  in  dry 
conditions,  the  performance  of  M-ZrBDC  is  rather  poor.  Interest¬ 
ingly,  in  the  case  of  M-ZrBDPC  after  the  initial  breakthrough  the 
surface  of  this  material  apparently  changes  and  more  sites  for 
NO2  adsorption  are  formed.  That  speciflc  “activation”  also  happens 
for  U-ZrBDPC.  U-ZrBDC  exhibits  a  typical  breakthrough  curve  and 
the  adsorption  performance  is  similar  in  moist  and  dry  conditions. 
The  desorption  curves  are  steep  for  all  samples/runs,  which  indi¬ 
cates  the  strong  adsorption/reaction  of  NO2  on  the  surface. 

The  extent  of  NO2  reduction  on  the  surface  is  seen  on  the  NO 
release  curves  collected  in  Fig.  2.  In  dry  conditions  BDPC  ligand 
containing  materials  modifled  either  with  urea  or  melamine  are 
the  best  performing  samples  from  the  point  of  view  of  the  amount 
of  NO  released.  The  steps  on  the  curve  for  the  latter  sample  indi¬ 
cate  the  distinct  changes  in  the  surface  chemistry/texture  and  thus 
the  change  in  the  reduction  of  NO2  or  NO  adsorption  in  the  pore 
system.  These  changes  are  also  visible  on  the  NO  concentration 
curves  in  moist  conditions.  Here  the  urea  modifled  sample  shows 
the  best  performance  from  the  point  of  view  of  the  amount  of 
NO  released  from  the  surface  during  the  NO2  adsorption  test. 

The  calculated  NO2  breakthrough  capacities  for  each  sample  are 
collected  in  Table  1.  The  performance  in  moist  conditions  is  much 
better  than  that  in  dry  ones.  The  best  adsorbents  are  U-ZrBDC, 


Fig.  2.  NO  release  curves  for  the  samples  studied  in  dry  (A)  and  in  moist  (B) 
conditions.  (Data  for  UiO-66  and  UiO-67  is  taken  from  Ref.  [42]). 
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Table  1 

NO2  breakthrough  capacities,  percentage  of  NO  released,  water  affinity  and  pH  values  before  and  after  exposure  to  NO2  in  moist  (EM)  and  dry  (ED)  conditions. 


Samples 

NO2  capacity  (mg/g) 

NO  released  (%) 

Water  adsorbed  (mgH2o/gads) 

pH 

Initial 

Exhausted 

UiO-66  ED^ 

73 

>30 

3.00 

2.90 

UiO-66  EM^ 

40 

-25 

12 

3.00 

2.88 

U-ZrBDC  ED 

37 

32 

2.74 

2.24 

U-ZrBDC  EM 

101 

25 

186 

2.74 

2.64 

M-ZrBDC  ED 

3 

10 

2.75 

2.37 

M-ZrBDC  EM 

10 

4 

6 

2.75 

2.49 

UiO-67  ED^ 

79 

>30 

4.78 

2.90 

UiO-67  EM^ 

118 

<25 

72 

4.78 

2.88 

U-ZrBDPC  ED 

74 

28 

3.88 

2.79 

U-ZrBDPC  EM 

154 

20 

840 

3.88 

2.57 

M-ZrBDPC  ED 

41 

>30 

3.80 

3.60 

M-ZrBDPC  EM 

93 

32 

70 

3.80 

3.54 

^  Data  obtained  from  Ref.  [42]. 


U-ZrBDPC  and  M-ZrBDPC  exposed  to  NO2  in  moist  conditions. 
There  is  over  a  100%  increase  in  the  adsorption  capacity  of  U-ZrBDC 
in  moist  conditions  compared  to  for  the  amount  adsorbed  on  UiO- 
66  (40  mg/gads)  [42].  For  the  BDPC  containing  samples  an  increase 
is  noticed  only  in  moist  conditions  for  the  urea  modified  sample  in 
comparison  with  the  UiO-67  on  which  118  mg  N02/g  were  ad¬ 
sorbed  [42].  In  dry  conditions  on  the  unmodified  sample  79  mg 
N02/g  were  adsorbed  [34].  Therefore,  in  the  case  of  BDPC  contain¬ 
ing  samples  the  incorporation  of  melamine  significantly  worsen  its 
performance  as  an  NO2  adsorbent.  A  similar  negative  effect  is  also 
found  for  M-ZrBDC  regardless  the  conditions.  The  melamine  mod¬ 
ified  BDC  containing  sample  adsorbed  3  mg  N02/g  in  dry  condi¬ 
tions  and  lOmg/g  in  moist  conditions.  On  the  UiO-66  73  mg 
N02/g  were  adsorbed  in  dry  conditions  and  40  mg/g  in  the  moist 
ones  [42].  The  results  suggest  that  the  addition  of  melamine  or 
urea  significantly  alters  the  adsorption  capacity  and  the  extent 
and  direction  of  changes  depend  on  the  type  of  an  amine  modifier 
used.  Thus  the  chemistry  of  urea  seems  to  be  more  favorable  for 
introducing  beneficial  surface  features  enhancing  NO2  adsorption. 
It  is  noteworthy  that  NO2  adsorption  in  moist  conditions  is  much 
greater  than  that  in  dry  ones.  This  is  of  paramount  importance  in 
real  life  applications  where  moisture  is  always  present  in  air. 

Since  NO  formed  in  NO2  surface  reactions  is  an  undesirable  by¬ 
product,  the  percentage  of  NO  released  is  summarized  in  Table  1. 
This  quantity  is  smallest  for  the  sample  with  containing  BDC  ligand 
and  melamine.  On  this  sample  also  the  NO2  breakthrough  capacity 
is  the  lowest  one.  On  the  samples  with  the  largest  capacities  the 
percentage  of  NO  released  is  comparable  to  that  found  on  the 
unmodified  samples  (~30%)  [42]. 

The  comparison  of  the  TG  curves  in  air  for  the  initial  samples 
and  those  modified  with  urea  and  melamine  are  collected  in 
Fig.  3.  As  seen,  the  effects  of  modifications  on  the  thermal  stability 
of  samples  are  significant.  In  the  case  of  BDC  containing  samples  a 
distinct  weight  losses  between  200  and  400  °C  represent  the 
removal  of  modifiers  in  rather  chemically  unchanged  or  slightly 
altered  forms.  The  rough  estimation  of  the  differences  in  the 
weight  loss  between  the  initial  and  modified  samples  suggests  that 
about  15%  or  melamine  and  12%  of  urea  are  present  in  these 
sample.  The  weight  loss  patterns  are  different  for  the  BDPC  ligand 
series  of  samples.  In  the  case  of  urea  modified  sample  high  thermal 
stability  is  found  and  based  on  the  shape  of  the  curve  between  500 
and  550  °C  it  contains  about  10%  of  urea.  The  chemical  complexity 
of  M-BDPC  is  seen  in  the  continuous  weight  loss  at  the  tempera¬ 
tures  less  than  500  °C.  Then  the  ignition  of  the  resulting  organic 
phase  is  noticed.  For  all  modified  samples  the  surface  hydrophilic- 
ity  level  increased,  especially  for  the  urea  modified  samples  owing 
to  the  polarity  of  the  modifier. 

The  incorporation  of  -NH2  groups  decreases  the  final  pH  of  UiO 
(Table  1)  in  comparison  with  the  unmodified  samples  [42]. 


(/) 
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Fig.  3.  TG  curves  for  the  parent  UiO  and  amine  modified  ZrBDC/BDPC.  (Data  for 
UiO-66  and  UiO-67  is  taken  from  Ref.  [42]). 


Especially  that  effect  is  seen  for  the  BDPC  containing  materials 
where  a  decrease  is  about  1  pH  unit.  We  link  it  to  the  protonation 
of  the  amine  groups.  After  exposure  to  NO2  a  decrease  in  pH  is 
dependent  on  the  amount  of  NO2  adsorbed,  which  suggests  that 
acidic  species  are  formed  on  the  surface.  Apparently  presence  of 
-NH2  groups  enhances  the  hydrophilicity  of  adsorbents.  The 
amount  of  water  pre-adsorbed  on  the  urea  modified  samples  is 
about  10  times  greater  than  that  on  the  UiO-66  and  UiO-67  [42]. 
On  the  other  hand,  on  the  melamine  modified  samples  less  water 
is  preadsorbed.  An  increase  in  hydrophilicity  of  the  urea  modified 
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Fig.  4.  Nitrogen  adsorption  isotherms  for  the  initial  samples  and  those  exposed  to 
NO2.  (Data  for  UiO-66  and  UiO-67  is  taken  from  Ref.  [42]). 


samples  is  owing  to  the  nature  of  urea  which  introduces  both,  - 
NH2  and  oxygen  polar  groups.  Melamine,  on  the  other  hand,  intro¬ 
duces  the  triazine  backbone,  which  is  less  polar  than  the  carbonyl 
group  in  urea.  Apparently  the  hydrophilicity  of  the  surface  and 
water  in  the  pore  system  have  positive  effects  on  NO2  adsorption 
on  our  materials. 

Since  UiO-66  and  UiO-67  MOFs  containing  zirconium  and  car¬ 
boxylic  acid  linkages  are  porous  and  their  porosity  was  found  cru¬ 
cial  for  NO2  reactive  adsorption  [42],  the  porous  structure  of  our 
materials  was  analyzed.  The  nitrogen  adsorption  isotherms  and 
the  pore  size  distributions  for  all  samples  before  and  after  exposure 
to  NO2  are  presented  in  Figs.  4  and  5,  respectively.  The  parameters 
of  the  porous  structure  calculated  from  the  isotherms  are  listed  in 
Table  2.  The  positive  effect  of  the  -NH2  modifiers  on  the  porosity  is 
seen  for  the  urea  modified  samples  and  especially  for  U-ZrBDPC 
where  the  surface  reached  2040  m^/g.  This  is  much  higher  than 
the  surface  measured  for  UiO-67,  which  was  1307  m^/g  [42].  For 
U-ZrBDC  a  20%  increase  in  the  surface  is  found  in  comparison  with 
that  of  UiO-66  [42].  The  volume  of  micropores  increased  48%  and 
17%  for  U-ZrBDPC  and  U-ZrBDC,  respectively  in  comparison  to 
those  for  UiO-67  and  UiO-66.  These  increases  in  porosity  must  be 
the  results  of  significant  alterations  in  materials’  chemistry,  as  dis¬ 
cussed  above  based  on  TG  curves.  The  higher  porosity  can  certainly 
enhance  the  amount  of  NO2  adsorbed  at  ambient  conditions.  Inter¬ 
estingly,  the  most  pronounced  increase  in  the  porosity  is  found 
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Fig.  5.  Pore  size  distributions  for  the  initial  samples  and  those  exposed  to  NO2.  U-UiO-67  is  non  porous  after  exposure  to  NO2:  the  pores  are  nonexistent  in  the  micropore 
range  between  5  and  80  A.  (Data  for  UiO-66  and  UiO-67  is  taken  from  Ref.  [42]). 
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Table  2 

Parameters  of  the  porous  structure  derived  from  the  nitrogen  isotherms  for  the  samples  before  and  after  exposure  to  NO2. 


Sample 

Sbet  [m^/g] 

Vt  [cm^/g] 

Vmic  [cm^/g] 

Vmeso  [Cm^/g] 

VmiciVt  [%] 

UiO-66^ 

891 

0.471 

0.391 

- 

83 

U-ZrBDC 

1070 

0.549 

0.457 

- 

83 

U-ZrBDC  ED 

639 

0.329 

0.286 

0.385 

87 

U-ZrBDC  EM 

825 

0.439 

0.342 

0.219 

77 

M-ZrBDC 

6 

0.004 

0.003 

0.993 

80 

M-ZrBDC  ED 

1 

0.002 

0.002 

0.996 

81 

M-ZrBDC  EM 

3 

0.006 

0.0007 

0.993 

12 

UiO-67^ 

1372 

0.707 

0.608 

- 

86 

U-ZrBDPC 

2040 

0.984 

0.823 

- 

84 

U-ZrBDPC  ED 

15 

0.028 

0.005 

0.967 

18 

U-ZrBDPC  EM 

315 

0.148 

0.138 

0.714 

93 

M-ZrBDPC 

75 

0.192 

0.002 

0.806 

1.3 

M-ZrBDPC  ED 

26 

0.083 

- 

- 

- 

M-ZrBDPC  EM 

50 

0.156 

- 

- 

- 

^  Data  obtained  from  Ref.  [42]. 


with  an  incorporation  of  urea.  The  porosity  of  the  melamine  con¬ 
taining  samples  decreased  significantly  compared  to  those  for 
UiO-66  and  UiO-67.  In  fact  the  final  materials  can  be  considered 
as  nonporous.  Apparently  the  presence  of  melamine  during  the 
synthesis  prevents  the  formation  of  the  UiO  porous  network.  Inter¬ 
estingly,  even  on  nonporous  M-ZrBDPC  the  similar  amount  of  NO2 
was  adsorbed  in  dry  conditions  as  that  on  porous  U-ZrBDC,  in  spite 
of  an  order  of  magnitude  higher  surface  area  of  the  latter  sample. 
This  indicates  that  not  only  porosity  but  also  surface  chemistry  is 
a  very  important  factor  affecting  the  adsorptive  performance  of 
this  kind  of  materials.  In  the  case  of  melamine  containing  samples 
the  amount  of  nitrogen  is  the  amine  modifier  is  high  and  that 
nitrogen  can  be  a  chemically  active  center  for  reactions  with 
NO2/NO. 

Differences  in  the  porosity  between  the  urea  and  melamine 
modified  samples  are  seen  not  only  in  the  volume  of  nitrogen 
adsorbed  but  also  in  the  shapes  of  isotherms.  The  isotherm  for 
M-ZrBDPC  exhibits  a  type  1  hysteresis  loop  indicating  the  mesopor¬ 
ous  nature  of  the  sample.  The  shapes  of  the  isotherms  for  the  urea 
containing  samples  are  similar  to  those  for  UiO  MOFs  [42].  The  dif¬ 
ferences  in  the  porosity  between  U-ZrBDC  and  U-ZrBDPC  must  be 
linked  to  the  way  the  modifiers  are  bound  to  the  carboxylic  acid 
linkages.  The  reactions  between  carboxylic  acids  and  urea  should 
lead  to  the  formation  of  imides.  From  both  ligands,  BDPC  is  ex¬ 
pected  be  more  reactive  than  BDC.  Owing  to  the  larger  size  of  those 
species  and  thus  higher  flexibility  when  present  at  the  terminal 
sites  of  a  crystalline  solid,  there  is  a  high  probability  that  those 
modified  linkages  would  bind  to  zirconium  centers  either  via 
oxygen  or  nitrogen  groups.  Thus,  besides  introducing  a  significant 
volume  of  small  pores  they  also  increase  the  thermal  stability  of 
the  final  material.  The  larger  sizes  of  ligands  can  be  responsible 
for  some  degree  of  porosity  in  amorphous  M-ZrBDPC. 

After  NO2  adsorption  a  significant  decrease  in  the  porosity  is 
found,  especially  for  U-ZrBDPC.  That  decrease  is  more  pronounced 
in  dry  conditions  than  in  moist  ones,  in  spite  of  the  much  larger 
amount  adsorbed  in  the  latter.  This  trend  is  also  true  for  the  mel¬ 
amine  modified  samples  and  it  suggests  that  water  preadsorbed 
in  the  pore  system  preserves  the  adsorbents’  structure  from 
destruction  via  a  direct  attack  by  NO2  molecules  on  the  metal  site 
[42].  Changes  in  the  surface  area  and  micropore  volume  after  expo¬ 
sure  to  NO2  are  seen  in  PSDs  (Fig.  5).  Apparently,  larger  pores  >10 
A  are  the  most  affected  ones  and  in  fact  they  are  the  pores  which 
can  accommodate  both  water  and  NO2  molecules. 

The  SEM  analysis  indicates  that  there  are  significant  differences 
in  the  morphologies  of  urea  and  melamine  containing  samples 
(Fig.  6).  While  for  the  former  samples  the  crystals  resemble  those 
for  UiO-66  and  UiO-67  [42],  for  the  latter  ones  a  severe  alteration 


in  the  particle  geometry  is  observed.  In  fact  the  particles  look  like 
the  agglomerates  of  the  amorphous  materials  and  it  is  consistent 
with  the  results  analyzed  above. 

The  structure  of  the  materials  and  its  subsequent  stability  after 
exposure  to  NO2  was  evaluated  using  X-ray  diffraction  (Fig.  7).  As 
expected,  the  X-ray  diffraction  patterns  for  the  melamine  contain¬ 
ing  samples  do  not  exhibit  crystallinity  similar  to  that  of  UiO-66 
and  UiO-67  MOFs.  This  is  a  clear  indication  of  the  amorphous  nat¬ 
ure  of  these  materials.  On  the  other  hand,  the  crystallinity  of  the 
urea  containing  samples  resembles  those  for  the  parent  MOF. 
However,  for  U-ZrBDC  the  peak  at  26  =  6.8°  decreases  in  compari¬ 
son  with  that  of  the  parent  UiO-66.  Changes  are  also  seen  on  the 
X-ray  diffraction  patterns  for  U-ZrBDPC.  The  peak  at  20  =  10°  sig¬ 
nificantly  decreases  in  intensity  and  two  peaks  between  20  =  10° 
and  13°  change  in  their  relative  intensity.  The  broad  peak  at 
20  =  20°  for  U-ZrBDPC  sharpens  for  the  modified  sample  and 
decreases  in  its  intensity  [42].  This  might  be  the  results  of  the 
formation  of  new  hybrid  structure  discussed  above  in  which  the 
bonds  between  zirconium  and  imides/amides  are  involved.  Appar¬ 
ently  the  MOF  units  as  those  in  UiO  also  exist  in  these  materials. 

Marked  changes  are  visible  on  the  diffraction  patterns  for  both 
urea  containing  samples  exposed  to  NO2,  with  the  exception  of 
U-ZrBDC  ED.  The  majority  of  the  diffraction  peaks  for  U-ZrBDPC 
ED  disappears  indicating  the  loss  of  crystallinity.  On  the  other 
hand,  the  crystallinity  of  U-ZrBDPC  EM  is  completely  preserved. 
The  peaks  that  appear  on  U-ZrBDPC  ED  between  20  =  42°  and  44° 
are  also  visible  on  the  diffraction  pattern  for  U-ZrBDPC  EM,  how¬ 
ever,  they  are  more  intense  for  the  latter  sample.  Additional  peaks 
between  20  =  47°and  53°  are  also  detected  for  U-ZrBDPC  EM.  Eor 
this  sample,  all  diffraction  peaks  at  lower  angles  below  20  =  10° 
decrease  in  their  intensity  after  exposure  to  NO2.  The  same  pattern 
is  found  for  U-ZrBDC  after  exposure  to  NO2  in  moist  conditions. 
Both  U-ZrBDPC  EM  and  U-ZrBDC  EM  exhibit  similar  peaks  between 
20  =  43°  and  53°.  This  can  be  related  to  the  interactions  of  the 
ligands/modified  ligands  with  NO2.  Additionally,  the  peak  at 
20  =  26°  decreases  for  U-ZrBDC  EM.  Such  changes  in  the  intensity 
of  all  peaks  indicate  strong  interactions  of  NO2  with  U-ZrBDC  in 
the  presence  of  moisture,  which  is  also  reflected  in  its  high  NO2 
adsorption  capacity.  Exposure  to  NO2  does  not  significantly  change 
the  X-ray  diffraction  patterns  for  the  melamine  containing  samples 
in  either  dry  or  moist  conditions.  A  small  peak  appears  around 
20  =  22°  and  can  be  related  to  the  interactions  of  amine  groups 
with  the  NO2  molecules. 

Owing  to  the  expected  chemistry  involved  in  NO2  removal  on 
MOE  [34,42],  the  formation  of  nitrites  and  nitrates  is  highly  plausi¬ 
ble.  To  investigate  their  formation  thermal  analysis  was  carried 
out.  The  DTG  curves  for  the  initial  and  exhausted  samples  are 
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Fig.  6.  SEM  images  for  M-ZrBDC  (A),  M-ZrBDPC  (B),  U-ZrBDC  (C),  U-ZrBDPC  (D). 
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Fig.  7.  XRD  patterns  for  the  initial  samples  and  those  exposed  to  NO2.  (Data  for  UiO-66  and  UiO-67  is  taken  from  Ref.  [42]). 


collected  in  Fig.  8.  Typical  DTG  curves  for  Zr-based  MOF  are  found 
for  the  urea  containing  samples  [42].  The  first  peak  at  100  °C 
represents  the  removal  of  physisorbed  water.  Two  peaks  appear 
between  200  and  300  °C  for  U-ZrBDC.  The  first  peak  is  small  and 
it  is  linked  to  the  removal  of  residual  solvent,  DMF.  The  second 
peak,  which  is  large  and  broad,  is  ascribed  to  the  decomposition 
of  urea  and  release  of  isocyanic  acid  [46-48].  The  large  and  intense 
peak  between  500  and  600  °C  represents  the  decomposition/ 
collapse  of  the  Zr-MOF  structure,  by  the  release  of  Zr02  and  the 
removal  of  the  organic  linker.  Similar  peaks  are  revealed  for 


U-ZrBDPC.  A  minimal  difference  in  the  derivative  weight  loss  is 
found  in  the  broad  peak  between  200  and  300  °C.  N,N-dimethyl 
formamide  (DMF),  the  solvent  used  in  the  synthesis  decomposes 
in  this  ranges.  Due  to  the  similar  chemistry  of  that  of  DMF  and  urea 
incorporated  in  MOF  (both  are  carbonyl  containing  compounds 
with  nitrogen  groups),  the  two  indistinctive  and  overlapping 
decomposition  peaks  are  linked  to  these  two  compounds.  More 
complex  DTG  curves  are  found  for  the  M-ZrBDC/BDPC  series.  This 
complexity  is  related  to  the  decomposition  of  the  fragments  that 
make  the  melamine  structure.  For  M-ZrBDC,  a  rather  broad  peak 
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Temperature  ( “C)  Temperature  ( ®C) 

Fig.  8.  DTG  curves  for  the  initial  samples  and  those  exposed  to  NO2. 


between  30  and  210  °C  is  designated  to  the  removal  of  physisorbed 
water  and  to  the  release  of  NH3  from  the  -NH2  fragments  in  mel¬ 
amine.  The  peaks  between  350-400  °C  and  400-450  °C  are  as¬ 
cribed  to  the  re-aromatization  of  the  triazine  backbone  and  its 
final  degradation  [49].  The  peak  around  470  °C  represents  the  re¬ 
moval  of  organic  linkers  from  their  coordination  with  zirconium. 
It  is  interesting  to  note  a  slight  overlap  in  the  peaks  corresponding 
to  the  complete  degradation  of  the  triazine  backbone  and  in  the 
peak  corresponding  to  the  release  of  organic  ligands  from  their 
compounds/salts  with  zirconium.  This  suggests  some  degree  of 
coordination  of  Zr  with  the  triazine  backbone  in  melamine.  This 
process  might  prevent  the  formation  of  the  UiO  MOF  network. 
Moreover,  the  decomposition  temperature  corresponding  to  the 
collapse  and  destruction  of  this  MOF  is  slightly  shifted  to  a  lower 
temperature  range.  A  similar  trend  is  found  in  the  thermal  decom¬ 
position  of  M-ZrBDPC. 

After  exposure  to  NO2  two  small  peaks,  one  at  200  °C  and  the 
other  at  300  °C,  are  found  on  the  DTG  curve  for  U-ZrBDPC.  They 
are  linked  to  the  decomposition  of  nitrates,  which  might  be  formed 
as  a  result  of  acid-base  reaction  of  -NH2  with  NO2.  The  most  signif¬ 
icant  changes  in  the  DTG  curves  for  the  exhausted  U-ZrBDC  are  re¬ 
vealed  in  the  peak  at  550  °C.  The  decrease  in  its  intensity  is  linked 
to  the  partial  destruction  of  the  framework  caused  by  the  interac¬ 
tions  of  NO2  with  the  organic  linker  [42].  In  the  case  of  M-ZrBDPC 
the  broad  low  temperature  peaks  between  100  and  200  °C,  which 
represent  the  removal  of  NH2  from  the  melamine  structure  in  the 
initial  samples,  disappear.  This  is  associated  with  the  consumption 
of  the  secondary  -NH2  in  the  reactions,  which  are  responsible  for 
the  relatively  high  capacity  of  these  materials  in  spite  of  its  low 
porosity.  Acid-base  reactions  between  the  amine  groups  and  NO2 
should  lead  to  the  formation  of  nitrate  salts.  Since  these  species 
decompose  between  200  and  300  °C,  the  weight  loss  associated 
to  this  process  overlap  with  that  related  to  the  melamine  degrada¬ 
tion.  The  peak  between  350  and  400  °C  on  the  DTG  curves  for 
M-ZrBDPC  ED  and  M-ZrBDPC  EM  is  more  intense  in  moist  condi¬ 
tions  than  that  in  dry  conditions.  This  peak  is  attributed  to  the 
decomposition  of  zirconium  nitrates  accompanied  by  the  release 
of  nitrogen  oxide  and  formation  of  crystalline  zirconia  [50-53]. 


The  ET-IR  spectra  for  the  initial  and  exhausted  samples  are  col¬ 
lected  in  Eig.  9.  Eor  the  urea  containing  samples  slight  changes  are 
visible  on  the  typical  bands  characteristic  of  UiO  [42].  Eor  U-ZrBDC 
(Eig.  9A)  the  bands  in  the  lower  region  of  the  spectrum  between 
700  and  1000  cm“^  are  more  intense  than  those  of  UiO-66.  These 
bands  represent  the  bending  vibrations  of  C-N,  C-H  and  C-0.  A 
small  band  at  1010  cm“^  is  designated  to  the  asymmetric  vibration 
in  the  C-N  bond  and  a  band  at  approximately  1190  cm“^  is 
ascribed  to  the  asymmetric  vibration  of  N-H  in  NH2  [54].  The  band 
at  1350  cm“^  is  designated  to  the  vibration  of  C-N  in  CO(NH2)2.  A 
strong  band  typical  for  MOE  is  present  at  1400  cm“^  and  represents 
the  vibration  of  C-0  bond  in  C-OH  for  carboxylic  acids  [55].  A 
shoulder  visible  at  around  1430  cm“^  is  ascribed  to  the  Vg  of  C-N 
bond  present  in  urea.  A  weak  band  between  1400  and  1550  cm“^ 
represents  the  vibration  of  the  C=C  in  the  aromatic  ring  of  the 
BDC  linker.  The  band  at  1600  cm“^  is  linked  to  the  stretching  vibra¬ 
tion  of  C=0  in  BDC  linker,  C-N  and  N-H  in  urea  [56].  The  deforma¬ 
tion  vibration  band  for  urea  carbonyl  (C=0)  is  shown  around 
1700  cm“^  [57].  In  the  case  of  U-ZrBDPC  (Eig.  9B)  the  main  and  typ¬ 
ical  bands  representing  this  MOE  remains  unchanged  after  the  urea 
incorporation.  Briefly,  the  vibrations  of  the  carboxylate  group  in 
BDPC  are  seen  at  1290  and  1430,  and  1600-1670  cm“^  A  weak 
band  around  1700cm“^  is  related  to  the  carbonyl  group  in  the 
carbamide  of  urea. 

The  spectra  for  the  melamine  containing  samples  series  are 
complex  and  in  the  case  of  M-ZrBDC  (Eig.  9C)  several  bands  be¬ 
tween  3438  and  2813  cm“^  are  due  to  the  asymmetric  stretching 
vibration  of  -NH2  in  melamine  [58].  A  strong  band  around 
2500  cm“^  represents  the  vibrations  of  — C=N  in  the  traizine  back 
bone  [59].  A  sharp  band  around  1900  cm“^  is  attributed  to  the  sym¬ 
metric  vibration  of  -NH  in  secondary  amine  and  C=C— H  stretching 
in  the  ligand.  Small  and  sharp  bands  between  1700  and  2500  cm“^ 
are  ascribed  to  the  hydrogen  bonding  between  the  carbonyl  group 
in  the  ligand  and  the  secondary  amine  in  melamine.  A  sharp  band 
around  1400  cm“^  is  due  to  the  vibration  of  the  C=C  group  in  the 
aromatic  carboxylic  ligand.  Moreover,  the  small  peak  around 
1200  cm“^  are  related  to  the  vibrational  frequencies  of=C— N  stem¬ 
ming  from  the  aliphatic  part  of  the  traizine  ring.  The  intense  band 
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Fig.  9.  FT-IR  spectra  for  -NH2  incorporated  materials  before  (black  line)  and  after  exposure  to  NO2  in  dry  (light  grey  line)  and  moist  (dark  grey  line),  U-ZrBDC  (A),  U-ZrBDPC 
(B),  M-ZrBDC  (C)  and  M-ZrBDPC  (D). 


Fig.  10.  Proposed  schematic  reaction  of  amine  groups  with  carboxylic  acid  in  the  UiO  unit.  Formation  of  amide  and  introduction  of  NH-Zr  metallic  coordination  sites  in  M- 
ZrBDC. 


around  1100  cm“^  is  ascribed  to  the  vibration  of  C-N  in  the 
HN— C=N,  due  to  the  delocalization  of  the  lone  pairs  on  the  second¬ 
ary  amine.  Several  complex  bands  are  visible  in  the  lower 


wavelengths  of  the  spectra.  The  complex  bands  in  the  region  be¬ 
tween  700  and  1090  cm“^  correspond  to  the  bending  and  stretch¬ 
ing  vibrations  of  C-N,  C-0  and  C-H  in  the  BDC  ligand  and  C-N  as 
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in  melamine.  The  band  at  1090  cm“^  is  due  to  the  C-0  stretch  in  the 
carboxylic  acid.  Similar  bands  related  to  the  various  vibrations  of 
the  functional  groups  and  the  aromatic  backbone  present  in  mela¬ 
mine  are  found  on  the  spectra  for  M-ZrBDPC.  Many  bands  between 
1450  and  1750  cm“^  appear  for  this  sample  and  they  distinctly  dif¬ 
fer  in  their  intensity  from  those  for  M-ZrBDC.  In  addition,  the  sharp 
band  representing  the  vibrations  of  the  C=0  group,  is  less  intense. 

After  NO2  adsorption  the  FTIR  spectra  visibly  change.  A  new 
band  appears  at  1 700  cm“^  for  U-ZrBDC  exposed  to  NO2  in  dry  con¬ 
ditions.  We  link  it  to  the  formation  of  nitrates  on  the  surface  as  a  re¬ 
sult  of  reactive  adsorption.  Moreover,  the  band  at  1650  cm“^ 
representing  the  deformation  vibration  of  the  urea  carbonyl  disap¬ 
pears.  The  importance  of  -NH2  in  urea  for  interactions  with  NO2  is 
visible  in  the  decrease  in  the  intensity  of  the  band  at  ~1350  cm“^ 
for  the  exhausted  samples  in  both  moist  and  dry  conditions.  The 
slight  shoulder  located  around  1450  cm“^  also  decreases  after 
exposure  to  NO2  in  either  conditions.  For  U-ZrBDC  EM  a  small 
shoulder  exists  on  the  band  around  1500  cm“^  and  can  be  ascribed 
to  the  interactions  of  the  secondary  amine  with  NO2  molecules.  The 
bands  at  1700  and  1750  cm“^  are  also  present  on  the  spectra  for  U- 
ZrBDPC  after  exposure  to  NO2,  regardless  the  conditions.  These 
bands  represent  the  formation  of  nitrates  on  the  MOF  surface. 
Broadening  of  the  band  around  1 550  cm“^  is  visible  and  it  indicates 
the  interactions  of  NO2  with  the  C-N  and/or  C-0  functional  groups 
present  in  either  urea  or  the  organic  linker.  The  band  at  1300  cm“^ 
also  broadens  after  exposure  to  NO2.  Drastic  changes  are  exhibited 
on  the  spectra  of  the  melamine  containing  samples  after  exposure 
to  NO2.  Majority  of  the  peaks  corresponding  to  the  various  vibra¬ 
tions  of  the  functional  groups  and  NH2  significantly  decrease  in 
their  intensity.  The  most  pronounced  decrease  in  the  intensity  of 
the  -NH2  vibrations  indicate  that  these  groups  undergo  chemical 
reactions  in  moist  conditions.  The  intense  band  representing  — C=N 
in  melamine  disappears  from  the  spectra  for  the  exhausted  samples 
and  the  band  corresponding  to  N-H  vibration  decreases  in  its  inten¬ 
sity.  Moreover,  the  band  of  C=C  around  1400  cm“^  widens  and 
exhibits  much  lower  intensity.  The  marked  changes  in  the  spectra 
are  also  seen  in  the  weak  bands  in  the  fingerprint  region.  The  forma¬ 
tion  of  nitrates  on  this  sample  is  difficult  to  determine,  since  their 
bands  overlap  with  the  -NH2  bands  in  melamine.  In  the  case  of 
M-ZrBDPC  after  exposure  to  NO2  minute  changes  are  found  on 
the  FTIR  spectra  owing  to  the  relatively  small  amount  adsorbed. 

The  results  discussed  above  suggest  that  the  planar  urea  mole¬ 
cule  does  not  obstruct  the  synthesis  of  UiO  units.  In  the  work  of 
Yang  and  coworkers,  the  addition  of  triethyl  amine  to  Mg-based 


MOF  was  used  to  increase  the  rate  of  carboxylic  acid  deprotonation 
[60].  It  is  well  known  that  amines  are  basic  enough  to  deprotonate 
acids,  in  this  case  a  carboxylic  acid.  The  ability  to  deprotonate  a  car¬ 
boxylic  acid  with  a  secondary  amine  is  dependent  on  the  substitu¬ 
ent  group  on  the  amine.  Even  though  the  NH2  groups  in  urea  are 
resonance  stabilized  with  the  carbonyl  groups,  it  is  expected  that 
deprotonation  of  the  carboxylic  ligand  occurs  and  alters  the  poros¬ 
ity  of  the  materials,  especially,  in  the  case  of  materials  with  the 
BDPC  linkages  where  more  free  carboxylic  ligands  are  exposed  at 
the  terminal  sites  as  indicated  by  the  lower  pH  value  of  this  mate¬ 
rial  [42].  Moreover,  these  ligands  are  expected  to  react  with  amines 
forming  imides.  These  species  might  increase  the  complexity  of  the 
linkages  affecting  the  porosity  and  chemistry  of  the  final  materials. 
They  should  also  increase  the  samples’  hydrophilicity.  In  the  case  of 
materials  with  the  BDC  ligands  modified  with  urea  the  free  carbox¬ 
ylic  ligands  are  not  present  to  react  with  urea  when  the  linkers  are 
used  to  build  the  MOE  network.  On  the  other  hand,  during  the  syn¬ 
thesis  the  reactions  with  BDC  carboxylic  acid  are  possible  and  urea 
modified  linkages  are  formed.  By  binding  to  Zr02  they  introduce  the 
heterogeneity  to  the  pore  structure  and  increase  the  porosity  to  a 
certain  degree.  As  in  the  case  of  U-ZrBDPC,  the  introduction  of  urea 
and  promotion  of  acid-base  reactions  certainly  modify  the  chemis¬ 
try  of  the  final  material.  The  structure  and  chemistry  of  the  urea 
containing  samples  is  visualized  in  Pigs.  10  and  11. 

The  scenario  must  look  differently  in  the  case  of  melamine  pres¬ 
ence  during  the  synthesis  process  Due  to  its  aromatic  nature,  and 
the  rigid  and  hard  to  break  C=N  bonds  in  the  triazine,  NH2  groups 
apparently  do  not  take  part  in  the  formation  of  MOP  network.  On 
the  other  hand,  the  results  suggest  that  they  coordinate  with  zirco¬ 
nium  forming  amorphous  materials.  Reaction  of  carboxylic  acids 
with  melamine  also  results  in  the  precipitation  of  amide  salts.  Ow¬ 
ing  to  the  aromatic  and  basic  nature  of  melamine  the  -NH2  groups 
deprotonate  the  COOH  moieties.  Moreover  it  is  proposed  that  the 
amine  groups  can  be  the  sites  of  metal  coordination.  This  observa¬ 
tion  is  supported  by  the  significant  changes  in  the  XRD  patterns  for 
the  melamine  modified  samples.  These  processes  prevent  the  for¬ 
mation  of  the  UiO  porous  network.  Additionally,  the  lone  pairs 
present  on  the  nitrogen  in  C=N  that  are  not  conjugated  with  the 
triazine  backbone  are  possible  sites  for  a  metallic  coordination. 
The  above  scenario  is  summarized  in  Pig.  12. 

Nevertheless,  in  spite  of  the  lack  of  the  developed  porosity, 
melamine  presence  in  the  samples  favors  retention  of  NO2  in  moist 
conditions.  Two  different  reactive  adsorption  mechanisms  can  take 
place.  The  hydrolysis  of  the  secondary  amines  in  melamine  is 


R=-C0NH2 


Fig.  11.  Aamide/imide  species  in  U-ZrBDC. 
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catalyzed  by  the  presence  of  water,  and  results  in  the 
hydroxylation  of  the  triazine  backbone  by  the  formation  of  second¬ 
ary  -OH  functional  groups  [61,62].  This  hydrolysis  reaction 
appears  to  be  of  paramount  importance  for  NO2  reactive  adsorp¬ 
tion  in  moist  conditions,  considering  its  high  adsorption  capacity 
measured.  The  interactions  of  NO2  with  -OH  certainly  leads  to 
the  formation  of  surface  bound  nitrates.  The  occurrence  of  the 
hydrolysis  reaction  is  supported  by  a  decrease  in  intensity  of 
the  bands  for  -NH2  and  the  appearance  of  -OH  vibration  bands 
after  exposure  to  NO2  in  moist  air.  The  formation  of  hydroxyl 
groups  is  furthermore  supported  by  the  significant  decrease  in 


159 

of  NO  during  the  retention  process  is  higher  in  dry  conditions  than 
in  moist  conditions.  The  NH2  groups  present  in  these  materials 
likely  interact  with  NO  molecules  formed  in  surface  reactions 
[45,64,65]  and  these  interactions  seem  more  favorable  when  mois¬ 
ture  is  present  in  the  system.  In  dry  conditions,  further  interac¬ 
tions/reactions  of  NH2  groups  with  NO2  molecules  result  in  the 
release  of  high  amounts  of  NO.  We  hypothesize  that  the  free  NH2 
groups  react  with  NO,  which  leads  to  the  formation  of  an  interme¬ 
diate  protonated  nitrosamine  like  compound.  This  compound  then 
rearranges  and  forms  of  a  hydrated  nitramide.  The  reactions  can  be 
summarized  below. 


o 


MOF 


Schematic  reaction  between  the  urea  incorporated  in  MOF  and  NO  released 


the  intensity  of  the  bands  representing  the  wagging  and  scissoring 
vibration  of  -NH2,  especially  for  M-ZrBDPC  after  exposure  to  NO2 
in  moist  conditions.  Moreover,  the  lone  pairs  of  electrons  of  the 
nitrogen  in  C=N  of  triazine  backbone  can  associate  with  the  H2O 
molecules  via  hydrogen  bonding  [63].  In  addition,  interactions  of 
NO2  with  the  non-conjugated  -NH2  branching  from  the  triazine 
backbone  in  melamine  occurs.  The  reactive  adsorption  scenario  is 
summarized  below 


In  the  case  of  urea  containing  samples,  the  hydrolysis  of  urea  to 
NH3  and  CO2  requires  elevated  temperatures  [66]  so  it  is  not  likely 
that  the  evolution  of  CO2  occurs  at  our  experimental  conditions. 
Instead,  two  reactions  can  take  place  in  the  presence  of  water, 
which  results  in  different  products.  An  equilibrium  acidic  catalyzed 
hydrolysis  reaction  leads  either  to  the  formation  of  a  hemiacetal  by 
the  hydrolysis  of  (C=0  to  C-(OH)2)  or  the  formation  of  ammonium 
carbamate  [66,67].  The  proposed  reaction  is  shown  below.  The 


NH2 


HNO3 


Schematic  diagram  proposing  the  reaction  of  M-ZrBDC  with  HNO3  and  hydrolysis  of  melamine 


A  different  mechanism  in  dry  conditions  results  in  a  lower  abil¬ 
ity  to  retain  NO2  due  to  the  delocalization  of  the  lone  pairs  of  elec¬ 
trons  in  -NH2  in  the  aromatic  ring.  This  delocalization  decreases 
the  strength  and  availability  of  basic  active  sites  for  NO2  interac¬ 
tions.  The  amorphous  nature  of  the  materials,  suggests  that  the  zir¬ 
conium  metallic  centers  introduce  active  sites  for  reactive 
adsorption.  These  metallic  centers  interact/react  with  NO2,  which 
results  in  the  formation  of  zirconium  nitrates.  Given  that  weak 
gas-solid  interactions  predominate  in  dry  conditions,  the  release 


hydrolysis  of  urea  is  supported  by  the  disappearance  of  the  car¬ 
bonyl  band  for  urea  after  exposure  to  NO2  in  moist  conditions. 
These  species  decrease  the  ability  of  urea  to  interact  with  NO2.  Ow¬ 
ing  to  the  favorable  amount  of  NO2  adsorbed  on  the  urea  modified 
samples  in  moist  conditions  and  the  low  content  of  nitrogen,  the 
effect  of  urea  hydrolysis,  which  decreases  the  carbonyl  reactivity, 
does  not  play  a  major  role  in  the  NO2  removal  process.  The  main 
and  most  prominent  reactions  occurring  are  the  Lewis  acid-base 
reactions.  These  reactions  are  facilitated  by  the  formation  of  nitric 
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Fig.  12.  Proposed  schematic  reaction  of  amine  groups  with  carboxylic  acid  and  introduction  of  NH2-Zr  metallic  coordination  sites  in  M-ZrBDC. 


add  via  the  dissolution  of  NO2  in  the  water  film.  Theses  addic  spe¬ 
cies  react  with  -NH2  in  urea  thereby  forming  ammonium  nitrate 
salts.  Water  preferentially  reacts  with  the  amine  functionalities. 
Apparently  water  has  shielding  effect  on  the  UiO  units,  and  the 
destruction  of  the  framework  by  NO2  molecules  is  less  pronounced. 
This  is  an  interesting  observation,  not  in  accordance  with  the 
results  addressed  recently  for  unmodified  UiO-67  by  Decoste  and 
coworkers  [43].  They  indicated  the  instability  of  this  MOF  in  the 
presence  of  water  owing  to  the  distortions  in  the  framework, 
which  weaken  the  Zr-0  between  SBU  and  organic  linker. 


In  dry  conditions,  the  -NH2  groups  either  directly  react  via 
acid-base  pathway  with  NO2  resulting  in  the  formation  of  ammo¬ 
nium  nitrate  salts  or  they  assist  the  carbonyl  group  to  react  with 
NO2  via  resonance  stabilization.  Theoretical  studies  have  shown 
the  formation  of  nitrosamine  by  a  carbonyl  containing  catalyzed 
reaction  of  NO2  with  amines  [68-70].  We  propose  that  the  car¬ 
bonyl  urea  can  also  be  site  for  NO2  interactions.  The  release  of 
NO  as  a  result  of  NO2  complex  formation  with  urea  (C=0— NO2), 
is  illustrated  in  the  following  scheme: 


Reaction  pathway  for  the  hydrolysis  of  urea  in  UiO  and  reaction  of  amine  groups  with  HNO3 
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Schematic  diagram  explaining  the  release  of  NO  by  the  reaction  between  urea  incorporated  to  the  materials 
and  NO 2 


In  addition  to  the  favorable  effect  of  the  incorporation  of  -NH2 
to  the  structure  of  our  materials  whether  from  urea  or  melamine, 
the  nitration  of  the  benzene  rings  in  moist  conditions  [42]  also 
plays  a  significant  role  in  the  process  of  NO2  adsorption.  The  nitra¬ 
tion  reactions  are  promoted  by  the  sequential  dissolution  of  NO2 
molecules  in  the  water  film,  resulting  in  the  formation  of  acidic 
species  (HNO3/HNO2),  which  in  turn  causes  the  activation  of  the 
benzene  rings  for  electrophilic  aromatic  substitution.  The  larger 
ligand  (BDPC)  present  in  both  of  the  amine  modified  ZrBDPC  mate¬ 
rials  (U-ZrBDPC  and  M-ZrBDPC)  provides  more  “active”  sites  that 
promote  these  specific  reactions.  These  additional  meta  positions 
are  available  for  the  nitration  process.  Additionally,  the  role  of 
the  larger  ligand  in  the  adsorption  process  via  organic  reactions 
is  more  pronounced  in  M-ZrBDPC  than  in  M-ZrBDC,  where  a  signif¬ 
icantly  larger  amount  of  NO2  is  adsorbed. 


4.  Conclusions 

Two  different  groups  of  NH2  containing  zirconium-carboxylic 
ligand  based  samples  were  synthesized  with  urea  and  melamine 
added  to  the  components  forming  UiO-66  and  UiO-67  MOFs.  The 
aromatic  ring  in  melamine  leads  to  a  mesoporous  amorphous 
solid/salt,  while  planar  carbamide,  urea,  promotes  the  formation 
of  a  crystalline  microporous  solid.  The  results  indicate  the  very 
favorable  effect  of  the  urea  incorporation  to  the  materials  on  the 
reactive  adsorption  of  nitrogen  dioxide.  Its  presence  increases  the 
porosity  and  changes  the  chemistry  of  the  final  products.  The 
surface  becomes  more  hydrophilic  and  its  acidity  increases.  The 
presence  of  -NH2  functional  groups  promotes  acid  base  reactions 
with  NO2  via  a  direct  attack  on  -NH2,  which  result  in  the  formation 
of  nitrate  salts.  The  detrimental  effect  of  the  competitive  adsorp¬ 
tion  of  water  on  UiO  MOFs  is  eliminated,  and  urea  significantly 
enhances  the  adsorption  capacity.  Water  has  a  shielding  effect  on 
the  UiO  units.  NO2  dissolved  in  a  water  film  forms  acidic  species, 
which  interact  with  basic  -NH2  groups  in  urea.  A  similar  effect  is 
seen  for  the  melamine  containing  samples  in  moist  conditions. 
The  hydrolysis  of  the  terminal  secondary  -NH2  creates  oxygen  rich 
functional  groups  that  cause  favorable  interactions  with  NO2.  NO 
released  as  a  byproduct  interacts  with  the  amines  incorporated 
to  the  material’s  structure.  The  extent  of  NO  adsorbed  after  its  for¬ 
mation  in  surface  reactions  seems  to  be  affected  by  the  presence  of 
water.  In  dry  air  a  large  quantity  of  NO  is  released,  whereas  in 
moist  conditions  the  release  NO  is  suppressed. 
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